People are connected by various social networks, resulting in the interdependence of consumer choice. Therefore, it is very important and realistic to assume choice interdependence in private car ownership modeling. In this paper, we investigate the interdependence of private car ownership choice using a spatial autoregressive binary probit model estimated by the Bayesian Markov chain Monte Carlo (MCMC) method. Constructing the autoregressive matrix demographically shows that the private car ownership choice of a household is dependent on other household choices. Compared with the pure binary probit model estimated by the MCMC method, the spatial autoregressive model achieves a significant improvement both in loglikelihood value and log marginal density value, which are calculated using the importance sampling method of Newton and Raftery, from approximately -202 to approximately -63 and from -208 to -145, respectively. Moreover, the results indicated by the spatial autoregressive probit model suggest that the number of children, the ownership of an apartment or the availability of a parking lot are positively and significantly associated with the private car ownership level. To test the out-of-sample performance of the model, we estimate the model using 600 data points and test it using another 148 data points. The results indicate that the predictive power is greatly improved. Finally, we analyze the augmented parameter and discover that it is associated with the parking variable in addition to the license variable.
Introduction
Research on household private car ownership has received considerable attention in the fields of economics, marketing and transportation. Three main reasons contribute to this. First, household private car ownership is critical in travel demand analysis. It is widely recognized that private car ownership plays a vital and ubiquitous role in the travel behavior of individuals and households both in long-term decisions, such as residential location, and short-term decisions, such as activity patterns [1] and travel mode choice. Second, studies about private car ownership type choice and usage behavior can provide insights to help vehicle-related PLOS ONE | https://doi.org/10.1371/journal.pone.0219212 July 10, 2019 1 / 13 a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
organizations or government agencies to make policies. For instance, car manufacturers can use these models to determine their strategies for different demographic subgroups in terms of vehicle production and vehicle type design. Moreover, research also provides a means to analyze the consumer evaluation of vehicle attributes that are not yet on the market. For governments, the models are helpful in investment decision making. For example, in the construction of the metro system, future private car ownership and the capacity of the transportation system of a city are key elements for the State Council of China to evaluate the investment. Third, vehicle type holdings and usage play a significant role in reducing greenhouse emissions and energy consumption. It is well known that transportation is a dominant component of the world's CO 2 emissions, and the emissions from private cars are almost half of the total transportation emissions [2] . Out of concern for energy and environmental sustainability, planners and policymakers try to find effective ways to address the impact of vehicular travel and thus deal with environmental problems [3] [4] [5] . Models to predict changes in the level of private car ownership have been under development since the 1930s [6] . The earlier research approaches about private car ownership are at the aggregate level [7] , investigating ownership at a zonal, regional or national level. The aggregate modeling approach, however, fails to capture the underlying behavioral mechanisms that actually guide the household decision-making process, although it is considered cost-efficient in terms of computation and data requirements. On the other hand, disaggregate models can alleviate these difficulties by investigating the household or individual propensity to own vehicles, thereby providing more precise and detailed suggestions for policy makers [8] . Therefore, in recent years, scholars have examined private car ownership at a disaggregate level (household level). We restrict our focus to these household-level studies.
The methodological approaches used to model private car ownership at the discrete level can be divided into four subgroups: count models, standard discrete choice models, advanced discrete choice models, and other approaches, which refer mainly to the machine learning approach [8] . Since many alternatives have zero choosing probability in the population, count models, such as the Poisson regression and negative binomial regression models, are quite restrictive in real applications. Moreover, because the machine learning algorithm contains many nodes and layers, it is rather limited for application in policy and sensitivity analysis. Thus, we summarize two main aspects of the private car ownership modeling approaches: standard discrete choice models and advanced discrete choice models.
Within the class of standard discrete choice models, the ordered-response and the unordered-response decision mechanisms have commonly been used for private car ownership modeling [9, 10] . The ordered response mechanism treats latent utility as a continuous unidirectional variable, while the unordered response mechanism is derived from the random utility maximization (RUM) principle [11] , which assumes that households associate a utility value with each private car ownership level and choose the private car ownership level with the highest utility. The ordered response models include ordered logit [12, 13] and ordered probit [14, 15] . The unordered response models contain a multinomial logit model [16, 17] , a multinomial probit model, and a nested model. Later, researchers incorporated heterogeneity in the population into the standard discrete choice models, obtaining the random parameters model [18] and the latent class model [19] .
Unlimited dependency on private cars results in serious problems, such as traffic congestion and energy consumption. Jointly studying household travel behavior and the related decisions could provide useful insights into reducing car dependency and thus has attracted many researchers [20] [21] [22] [23] . To address the endogenous issue in integrated modeling, various advanced discrete choice models have been developed and employed, such as the structural equation model [24] [25] [26] , multiple discrete continuous extreme value model (MDCEV) [27] [28] [29] , joint mixed multinomial logit-ordered response structure [30] , copula-based model [31] [32] [33] [34] , and Bayesian model [35] [36] [37] [38] . Moreover, to capture the influence of latent variables such as environmental concern, Daziano and Bolduc [37] employed an integrated choice model with a latent variable (ICLV) model [39] to study green vehicle adoption.
Most recently, some researchers found that neighboring households may exhibit preferences that are spatially or demographically similar. This means that a household's preference can be influenced by others' preferences, which may be driven by social concerns, peer pressure, or endorsements from respected people. It is discovered that vehicle ownership was spatially dependent [40, 41] , and social interactions can influence plug-in hybrid electric vehicles (PHEVs) assessment and adoption [42] . Song and Wang [43] found that households with high levels of car ownership presented locally spatial clusters. Ding et al [44] examined the impacts of the built environment on commuter's driving behavior at spatial zone level. Moreover, the structure of a country's car fleet is not only dependent on domestic policies, but is also affected by the policies of neighboring countries using a series of spatial regression models [45] .
This paper contributes to the private car ownership literature by using the Bayesian-based spatial autoregressive binary probit model [46] to study the choice interdependence of owning a vehicle or not owning a vehicle across households. The model can be constructed to capture the endogenous nature of preference as well. Since the augmented parameter in the autoregressive process makes posterior distribution draws easier, the Markov chain Monte Carlo (MCMC) Gibbs sampler is employed to estimate the model.
The remainder of the paper is constructed as follows. Section 2 presents the modeling methodology, including model structure and estimation procedures. Section 3 describes the data followed by the results analysis in section 4. Finally, section 5 offers some concluding comments.
Modeling methodology

Model structure
In the standard binary probit model, individual n (n = 1, . . .,N) faces two alternatives (y n = 1 or 0) and needs to make a selection. The final choice is driven by the difference in latent utilities, U nk (k = 1,2 for the binary probit). Therefore, the probability can be written as:
Where z n is the difference of latent utility between the first alternative y n = 1 and the second alternative y n = 0. If z n >0, the first alternative is chosen. ε n~N (0,1) for identification. x n is a vector of variables describing characteristics of the household n, and β is the vector of coefficients associated with x n . Under this scenario, ε n is assumed to be distributed independently in the population. However, what if it is not? It is well known that people are social creatures, and people around the world make efforts to establish their own social networks driven by various motivations. These well-established relationships may result in the dependence of ε n in the population. This study aims to investigate whether this dependence exists in the household behavior of private car ownership.
If the interdependence among households is taken into account, we need to construct the error structure for the complete observations rather than only for all the alternatives of each observation, which is the common practice for the standard probit model. Since only two alternatives exist in our case, ε n reduces to one element that is specified in Eq 1. Thus, the error structure for all observations is: 
Due to the presence of off-diagonal elements, the expectation of latent preference of a household is associated with another household [46] :
Where S 11 is the covariance matrix of household 1, and S 12 are the covariance matrices between households 1 and 2. We adopt the approach of Yang and Alleby [46] to model the correlation structure. It is restated as follows:
Where ε reflects the unobserved error, which is assumed to be distributed independently among households, θ is a vector of autoregressive parameters, and matrix ρW captures the interdependence of preferences across households. Nonzero entries appearing in the nondiagonal of W = {w ij } indicate different relationships across households. According to different definitions of a relation, the weight matrix W can be defined in multiple ways. Sometimes, the endogeneity of W should be considered as well [47] . In this study, we investigate only the interdependence among demographic neighbors. We count the number of driver licenses in a household as an indicator of the relation. We believe there are some commonalities in terms of the desire for a vehicle if this indicator is identical. This dependence may present some similarities with respect to private car ownership across households. The weight matrix is specified as follows: w ij = 1 if household i and household j have the same number of driver licenses; otherwise, w ij = 0. Here, we adopt weighted W, in which the diagonal elements are zero and each row sums to one. The coefficient ρ measures the endogenous association among households. If ρ is positive, then a positive dependence across households exists; otherwise, a negative dependence exists. Under this model specification, the augmented error model results in a latent preference with nonzero covariance, as shown by Eq (8):
The specification of augmented parameter θ in this way makes posterior distribution draws of parameters in the model straightforward. Therefore, we employ a Bayesian MCMC Gibbs sampler to estimate the model.
Model estimation
Bayesian estimation has two main advantages over classical procedures [48] . First, it does not need to maximize any function. Therefore, it relies on the trap caused by initial values or simulation errors, especially for the probit model. Second, desirable estimation properties, such as consistency and efficiency, can be obtained under more relaxed conditions than in classical procedures. In the Bayesian framework, after obtaining the posterior distribution of parameters, we use the MCMC method to draw samples from it. After thousands of iterations, the sample drfaws converges to the true value. The mean and standard deviation of these draws constitute the estimate and standard error. We specify the standard conjugate priors of parameters in the spatial autoregressive binary probit model as follows:
Since we need to guarantee that I−ρW is invertible, which appears in the posterior distribution, ρ is restricted to lie in the interval [ We collected revealed preference (RP) data by questionnaires (see S1 and S2 Questionnaires) in July 2015 at 12 different sites in Dalian. After excluding incomplete data, we obtained a total of 748 observations. In the questionnaire, household demographics and some details about household private car ownership and usage were recorded. Participants provided written consent for their questionnaire responses to be used for the purposes of scientific research. This study only considered private car ownership modeling. Table 1 lists the statistics of the sample.
Results
In the Bayesian procedure, 200,000 iterations of Gibbs sampling are performed. The first 150,000 sample draws are considered burn-in, and the remaining draws are used to calculate the posterior mean and standard deviation of the draws, which is the standard error of the estimate. Three dummy variables related to education level are introduced into the model. In total, we estimate three models. The first model we test is the pure probit model estimated by maximum likelihood estimation (MLE), and the second is the pure probit model estimated by the Bayesian MCMC method. The third model is a spatial autoregressive binary probit model that considers the interdependence of household private car ownership, and it is estimated by the Bayesian MCMC method. MCMC plots for variables in the third model are described in Fig 1. Estimation results are summarized in Table 2 . One thing we need to keep in mind is that we cannot directly compare the estimates from the pure probit model with the estimates from the spatial autoregressive probit model due to differences in the magnitude of the covariance matrix. The entire data set (748 observations) is divided into two subsets. We use the first 600 observations to estimate the model, and the 148 remaining observations are used to perform the hold-out sample test.
We employ two indicators, loglikelihood value and log marginal density, to measure insample fit. The log marginal density (for details, see [49] ) can be calculated with the importance sampling method of Newton and Raftery, and it can be expressed as Eq (12) .
Where y is the actual data, M i is the ith model, R is the total number of posterior draws, θ r is the rth draw of θ, and 'ðy r jM i Þ is the likelihood value at the rth draw of θ conditional on model M i . Out-of-sample fit is measured by the prediction error of owning a vehicle. The approach we employ is the sample enumeration method [50] . Indicators of both the in-sample and outof-sample are also listed in the bottom of Table 2 . The difficulty lies in obtaining values of augmented parameter θ out for hold-out observations. It was proven that [46] :
Where θ in is the vector of augmented parameters for observations that were used to estimate the model,ŝ 2 ;r are the estimated parameters,Ŵ is constructed for the total observations, S in −out is the covariance matrix between θ in and θ out . We can obtain S in−in , S in−out , S out−in , and S out−out according to Eq (13) . Then, the conditional distribution of θ out given θ in can be derived using properties of the multivariate normal distribution [46] :
inÀ in S inÀ out . Elements of vector μ are the values of θ out . Then, we can simulate the choice probabilities for the hold-out sample using the Geweke-Hajivassiliou-Keane (GHK) simulator [51, 52] .
As shown in Table 2 , the model results of pure probit estimated by the MLE and the Bayesian MCMC are remarkably close in magnitude and in significance level. The loglikelihood value indicates that the MLE is slightly better than the Bayesian MCMC method. However, the small difference could be negligible in terms of real applications, which reveals that the Investigation of household private car ownership considering interdependent consumer preference Bayesian MCMC estimation is an alternative to the classical estimation for discrete choice models. Hence, we will mainly focus on the comparison between pure probit and spatial autoregressive probit, both of which are estimated by the Bayesian MCMC method.
With respect to the magnitude of the parameter estimates, the spatial autoregressive probit model exhibits some differences due to the reasons discussed previously. However, the significance level is consistent with the pure probit model in regards to the number of driver licenses, which is the indicator for interdependence. This indicates that the endogeneity problem exists in the pure probit model, which is also proven by the statistically significant parameters σ 2 and ρ. Both parameters are statistically different from 0, indicating the existence of the preference interdependence. ρ is 0.867, suggesting conformity among households in the sample. Based on the spatial autoregressive probit model, knowing the choice of other households is helpful in predicting the choice preference. Comparing the performance of both models, the spatial autoregressive probit model greatly outperforms the pure probit model in both the in-sample fit and out-of-sample fit. Considering the interdependence, the loglikelihood value increases from approximately -202 to approximately -63. The log marginal density also shows a significant improvement, increasing from -208 to -145. The prediction error in the hold-out sample indicated by the spatial autoregressive probit decreased to 18.9% from 36.2%, indicating the effectiveness of the model when considering interdependence, at least compared with the pure probit model under this same scenario. Next, we will focus on analyzing the results from the spatial autoregressive probit model. The estimates indicate that education plays a nonsignificant role in other subgroups except for graduate level. A statistically significant coefficient shows that people with a graduate education level are less likely to own a vehicle. However, a cautious analysis should be implemented before drawing any conclusions. We cannot directly conclude that people with higher education levels tend to be environmentally friendly since we cannot be sure about their job or career. They may be graduate students or new to their job or career and may be temporarily constrained by income. After they stabilize in their career, they probably would like to own a vehicle. Since we do not have this type of information, we cannot incorporate it into the model. Moreover, the number of children in a family significantly stimulates a household to purchase a vehicle. Children are always at the center of Chinese families, and most activities revolve around the children. Therefore, the need for travel flexibility and comfort in a household with children enhances vehicle owning behavior. The significant impact of the number of driver licenses is captured by the interdependence in the model, resulting in a decrease in the significance level of this variable. Furthermore, owning an apartment or a parking lot is positively associated with private car ownership. This may reveal that Chinese people tend to purchase an apartment first and then buy a vehicle. Monthly expense is not significant for this data set. An analysis of the differences between the variables for two groups (θ>0 and θ<0) is summarized in Table 3 . Accordingly, we find that parking is statistically different between groups other than the license group, indicating that the augmented parameter that captures the endogenous nature of preference is also associated with parking status.
Conclusion
People are connected by various social networks and driven by shared norms and values or similar backgrounds with respect to education, geographical origin, living habits, etc. Therefore, the private car ownership choice of a household may be influenced by neighbors, friends, respected people, or social media in various ways. Ignoring these interdependent relationships may result in inaccurate point estimates and therefore lead to policy bias. Therefore, this paper employs a spatial autoregressive binary probit model, estimated by the Bayesian MCMC method, to investigate the existence of interdependence in household behavior related to private car ownership.
We first estimate and compare two pure probit models using the MLE and Bayesian MCMC methods. The results suggest that point estimates, standard errors, and significance levels are remarkably close, indicating that Bayesian MCMC estimation is an effective alternative to classic estimation methods. However, these estimates may not be very powerful in revealing the actual mechanism of household private car ownership choice since choice interdependence is proven to exist, as shown by the estimation results of the spatial autoregressive probit model. The interdependence parameter ρ is significantly positive, indicating a positive correlation among households. Moreover, model fit is greatly improved in both the in-sample fit and out-of-sample fit when the endogenous preference dependence is taken into account. The results revealed by the spatial autoregressive probit model suggest that the number of children and the ownership of an apartment or a parking lot are positively and significantly associated with private car ownership. Moreover, education may play a significant role in reducing private car ownership. A significant influence of the number of driver licenses is captured by the augmented parameter θ. Further analyzing the difference between the variables for subgroup θ>0 and θ<0, we discover that the parking variable is statistically different, suggesting that θ is associated with it in addition to the license variable. The model can be expanded in many ways based on the information and data it contains. First, it can be expanded from binary choice to multinomial choice. Second, in our study, we construct the weight matrix only demographically, but it can also be constructed geographically and demographically, which is called the mixing weight. In this case, a mixing probability parameter can be estimated as well. Third, this weight matrix could be asymmetric, and the asymmetric matrix could be used to imitate the influence degree. Moreover, the weight matrix can be extended to multiple dimensions, including the temporal dimension. Finally, it can be expanded to investigate the interdependence of the point estimates of the variables in the population. These developments will be meaningful in explaining consumer choice heterogeneity, and we will focus on them next.
Generate ρ:
We need to use the Metropolis-Hasting algorithm with a random walk chain to generate sample draws. 
